I discuss some simple aspects of the low-energy physics of a nontrivial scale invariant sector of an effective field theory. I argue that the unparticle stuff described by such a theory might actually exist in our world. I suggest a scenario in which some details of the production of unparticle stuff can be calculated. I find that unparticle stuff with scale dimension d U looks like a non-integral number d U of invisible particles. Thus evidence for a nontrivial scale invariant sector could show up experimentally in missing energy distributions.
Introduction
Stuff with nontrivial scale invariance in the infrared (IR) [1] would be very unlike anything we have seen in our world. Our quantum mechanical world seems to be well-described in terms of particles. In an interacting scale invariant theory in four space-time dimensions, there are no particles. Scale invariant stuff, if it exists, is made of unparticles. But what does this mean? It is clear what scale invariance is in the quantum field theory. But what does scale invariant unparticle stuff actually look like in the laboratory? It is a little hard to even talk about the physics of something so different from our familiar particle theories. It does not seem a priori very likely that such different stuff should exist and have remained hidden. But this is no reason to assume that it is impossible. We should determine experimentally whether such unparticle stuff actually exists. But how will we know if it we see it?
In this note, I discuss a simple scenario in which I believe this question can be answered simply and unambiguously. My goal here is not to do serious phenomenology, but rather to identify a physical situation in which phenomenology is possible in spite of the essential strangeness of unparticle theories. And while my motivation is primarily just theoretical curiosity, the scheme I have in mind could very well be a component of the physics above the TeV scale that will begin to show up at the LHC. To my mind, this would be a much more striking and bizarre discovery than the more talked about possibilities of SUSY or extra dimensions. SUSY is just more new particles. And at least from our 4-dimensional point of view until we see black holes or otherwise manipulate gravity, finite extra dimensions are just a metaphor. Again what we see is just more new particles. We would, of course, be overjoyed and fascinated to see these new particles and eventually patterns might emerge that would allow us to see the beautiful theoretical structures they portend. But unparticle stuff with nontrivial scaling would astonish us immediately.
It will come as no surprise that the tool I use to say something quantitative about unparticle physics is effective field theory (see for example [2] ). The idea is that while the detailed physics of a theory with a nontrivial scale invariant infrared fixed point is thoroughly nonlinear, complicated and I don't understand much of it, the low energy effective field theory, while very strange, is very simple because of the scale invariance. And we can use this to understand how unparticles interact with ordinary matter. Because this is so simple, I suspect that (if it is right) what I have to say is well understood by many experts in scale invariant field theories. However, I judge from the dearth of papers with titles like "Bounds on the production of scale-invariant matter from . . ." that it is not common knowledge among phenomenologists and experimenters.
So without further ado, here is the scheme. Imagine that the very high energy theory contains the fields of the standard model and the fields of a theory with a nontrivial IR fixed point, which we will call BZ (for Banks-Zaks) fields. The two sets interact through the exchange of particles with a large mass scale M U . Below the scale M U , there are nonrenormalizable couplings involving both standard model fields and Banks-Zaks fields suppressed by powers of M U . These have the generic form
where O sm is an operator with mass dimension d sm built out of standard model fields and O BZ is an operator with mass dimension d BZ built out of BZ fields. The renormalizable couplings of the BZ fields then cause dimensional transmutation as scale-invariance in the BZ sector emerges at an energy scale Λ U . In the effective theory below the scale Λ U the BZ operators match onto unparticle operators, and the nonrenormalizable interactions of (1) match onto a new set of interactions of the form
where d U is the scaling dimension of the unparticle operator O U . 1 The constant C U is a coefficient function. As usual in an effective theory analysis, we are interested in the operators of the lowest possible dimension, because these have the largest effect in the low energy theory, so we will assume that O U is this operator. The effective field theory interaction (2) is a good starting point in our search for unparticle stuff, for two reason. Because the BZ fields decouple from ordinary matter at low energies, the interaction (1) should not effect the IR scale invariance of the unparticle. And (1) seems likely to be allowed experimentally for sufficiently large M U . 2 If M U is large enough, the unparticle stuff just doesn't couple strongly enough to ordinary stuff to have been seen. The questions is what happens as we lower M U and this peculiar stuff can be produced by interactions of ordinary particles. If the IR fixed point is perturbative, we may be able to calculate the d U s and C U s. But typically the matching from the BZ physics to the unparticle physics will be a complicated strong interaction problem, like the matching from the physics of high-energy QCD onto the physics of the low-energy hadron states. In that case, we should be able to estimate these constants very roughly by including the appropriate geometrical factors (powers of 4π and that sort of thing -we will return to this below), but detailed calculation will be impossible. Now we can ask what physics this produces in the low energy theory below Λ U . Of course, we would expect that the virtual effects of fields with nontrivial scaling will produce really odd forces. But here I am interested in what it looks like to actually produce the unparticle stuff. The most important effects will be those that involve only one factor (in the apmplitude) of the small parameter in (2),
from a single insertion of the interaction (2) in some standard model process. The result will be the production of unparticle stuff, which will contribute to missing energy and momentum.
To calculate the probability distribution for such a process, we need to know the density of final states for unparticle stuff. But I argue that in the low energy theory described above, this is essentially determined by the scale invariance. Consider the vacuum matrix element
where |P is the unparticle state with 4-momentum P µ produced from the vacuum by O U . Because of scale invariance, the matrix element (4) scales with dimension 2d U , which requires that
This is the appropriate phase space for unparticle stuff. Indeed, (5) should remind you of the phase space for n massless particles, 3
The zero in A n for n = 1 together with the pole in P 2 reproduce the δ(P 2 ) in 1-particle phase space if the limit n → 1 is approached from above lim ǫ→0+ ǫ θ(x)
Thus we can describe the situation concisely as follows:
Unparticle stuff with scale dimension d U looks like a non-integral number d U of invisible particles.
In fact, we may as well identify the A in (5) with the A in (7), and thus adopt (7) for non-integral n as the normalization for A d U . This is purely conventional because a different definition could be absorbed in the coefficient function C U in (2), but this choice fixes the normalization of the field O U in a way that incorporates the geometrical factors that go with dimensional analysis, although the combinatoric factors may be wildly wrong.
To illustrate the procedure in a realistic situation consider the decay t → u + U of a t quark into a u quark plus unparticles of scale dimension d U from the coupling 4
where the constant λ
The left hand side has an extra (2π) 4 compared to the definition in the particle date book. 4 Chosen for simplicity rather than interest! (which in this particular case is dimensionless) contains most of the factors from the matching onto the low energy theory. It is interesting to think about changing d U with fixed λ. We can ignore the mass of the u quark, so the final state densities are
The way the phase space factor compose in my normalization is
and the differential decay rate is
where M is the invariant matrix element. Suitably averaged over initial spin and summed over final spin this gives
We are primarily interested in the shape as a function of E u , so we will plot d ln Γ/dE u which has the simple form
The result is shown in figure 1 . As d U → 1 from above, d ln(Γ)/dE u becomes more peaked at E u = m t /2, matching smoothly unto the kinematics of a 2-particle decay in the limit, as expected from the general principle (9). Obviously, for higher d U the shape depends sensitively on d u , but at least for d U in this range, the calculation appears to make sense. The kind of peculiar distributions of missing energy that we see in figure 1 may allow us to discover unparticles experimentally! The particular operator (10) is flavor changing, and thus may be suppressed by small and unknown flavor factors. But a similar analysis applies to scattering processes due to flavor conserving operators. The most interesting straightforward things to look at I believe are the collider phenomenology of
where q is a left-or right-handed quark, and the LEP constraints on the operators where the unparticle operator is hermitian and transverse,
The calculation of matrix elements goes the same way except for the tensor structure, obviously. For example
from the gluon operators
and
I think that there is a lot of easy but really fun phenomenology here. I have argued in this brief note that unparticle stuff with nontrivial scaling dimension might exist in our world, and that furthermore, up to constants associated with the binding of massless matter into unparticles, it is possible to predict interesting features of unparticle production that can serve as experimental tests of this crazy possibility. Let me close with some random remarks.
• Much is known about the scale and conformal invariant theories in 2 dimensions (see for example [3] ). While I am not an expert, it is not clear to me what 2D results translate into 4D because the phase space in 2D is so constrained.
• In (2), we assumed that the unparticle operator is a Lorentz scalar. This is obviously unnecessary. (4) can be modified in a straightforward way to include other tensor structures. 5
• The effective field theory picture is much easier to understand if one assumes that the unparticle fields do not carry the standard model gauge interactions, and this is what I have tacitly assumed above. It would be interesting to try to make sense of unparticles with standard model gauge properties and this might have interesting consequences for electroweak symmetry breaking. But I have no idea whether it is possible.
• Of course, if unparticles exist, their cosmological consequences should be investigated. It should be possible to use effective field theory to understand how low energy unparticles behave in the universe today. But additional tools may be required to understand how they got there from the hot big bang.
• I had hoped briefly that it might be possible to make sense of unparticles with d U < 1. Such objects would be even more peculiar than the unparticles appearing in figure 1 .
Somehow intermediate between single particles and vacuum, these might lead to long range forces falling more slowly that 1/r 2 and could have dramatic consequences. However, the calculation leading to figure 1 suggests that such things may not be theoretically consistent. The differential decay rate into unparticles with d U < 1 has a non-integrable singularity as E U → 0, suggesting that the vacuum might be unstable. It would fun to see if there are situations in which these confusing objects actually make sense.
